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Integrated crop-livestock systems involve linking crop and livestock production together to generate positive economic and environmental outcomes (Allen et al., 2007) . The actual relationship between crops and livestock can vary in these systems. It may range from relatively intimate, within-farm integration of crops and livestock (e.g., grazing crop residues after grain harvest) to more indirect relationships (e.g., shared manure application among crop farms within a region). Most evidence suggests integrated crop-livestock systems are more environmentally protective, or restorative, than modern cropping systems that rely on monoculture and heavy external inputs of fertilizer and pesticide (Allen et al., 2005; Katsvairo et al., 2006, Sulc and Tracy 2007) . Allen et al. (2005) found that an integrated cattle-cotton (Gossypium hirsutum L.) system with 54% of the land in permanent C4 grass pasture used 23% less irrigation water, 40% less fertilizer N, less chemical inputs, and was 90% more profitable than the cotton monoculture.
In the northern US Great Plains, diversifying cropping systems with forages was found to increase grain crop yields, reduce weed pressure, and improve soil quality (Entz et al., 2002) .
Integrated systems may also help reduce winter feed costs in temperate regions. Winter feed can often account for half of the annual production costs in a typical beef cow operation (Schoonmaker et al., 2003) . Cost reductions are often achieved by grazing grain crop residues or cool-season annual crops after harvest to save on purchased hay or grain (Klopfenstein et al., 1987; Ward, 1978) .
Some integrated systems involve grazing livestock on cropland. A concern is that livestock presence on cropland would negatively affect soil properties and subsequent crop productivity. This situation may occur when livestock trample on moist, non-sodbearing cropland soils causing compaction and subsequent crop yield reductions though alteration of soil physical and biological properties (Krenzer et al., 1989; Mapfumo et al., 1999; Worrell et al., 4 1992) . Soil compaction was one component addressed in an integrated crop-livestock system experiment that was initiated in 2002 at the University of Illinois, Dudley Smith Farm near Pana, IL. In this system, cash crops consisting of corn (Zea mays L.) and oat (Avena sativa L.) were grown in summer while cattle grazed adjacent perennial pastures (cool and warm-season grasses). When pastures became dormant in fall, cattle were moved to croplands where they spent late fall and winter grazing a mixture of cool-season annual cover crops and corn residues.
In spring, cattle were returned to cool-season grass pastures. The objective of this study was to determine whether cattle presence on cropland would negatively affect soil quality parameters and subsequent crop yields.
To meet this objective, we compared soil compaction, soil nutrient pools and corn yield between the integrated crop-livestock system and a continuous corn system between 2002 and 2006. Soil compaction from cattle trampling was evaluated indirectly by measuring soil penetration resistance (PR) and surface CO 2 effluxes. Soil PR is a measure of soil strength and can be used as an index of soil compaction (Clark et al., 2004; Unger and Kaspar, 1994) .
Surface CO 2 efflux is a measure of net CO 2 production of a soil that includes respiration of roots and mineralization of organic matter. Soil compaction from machine traffic or cattle trampling could reduce soil respiration by reducing pore space and limiting O 2 diffusion (Conlin and van den Driessche, 1996; Conlin and van den Driessche, 2000; Shestak and Busse, 2005; Torbert and Wood, 1992) . Reduced soil respiration may indicate less microbial activity and anaerobic conditions, both of which could negatively affect crop yield. In this study, we used measurements of surface CO 2 efflux during the growing season as an integrative variable to determine potential persistence of soil compaction from winter grazing. We hypothesized that cattle trampling on cropland would increase soil compaction and reduce corn yield relative to 5 corn that experienced no winter grazing.
We also measured several soil nutrient pools -total soil C, N and microbial biomass C and used them as indicators of soil quality. Total C and N closely reflect quantity of soil organic matter and microbial biomass C is an active pool of organic matter whose size and activity strongly influences nutrient availability and plant productivity (Paul, 1984 , Chapin et al. 2002 .
Microbial biomass C is frequently used as an indicator of soil quality since it tends to be more sensitive to management than total C (Brookes, 1995; Jordan et al., 1995) . Because of the presence of cattle, perennial grasses and cover crops in the integrated system, we hypothesized that soil organic matter and soil microbial biomass would be greater compared with continuous corn.
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MATERIALS AND METHODS
Site Description and Experimental Design
The study site is located on the Dudley Smith research farm near Pana, Illinois, USA were sown into a clean, prepared seedbed with seeding rates at 70, 80 and 8 kg ha -1 , respectively.
Grazing Management
Grazing on availability. Cattle had equal access to corn residues and cool-season annuals in each strip in addition to a stationary water source. Because cattle needed access to water during the strip grazing, we could not fence them from previously grazed strips in the field. Cattle were fed hay and grain as needed when forage became limiting on cropland pastures. Hay and grain were fed in dry lot areas separate from the treatment plots so did not influence soil properties in sampling areas. Cattle were given ad libitum access to salt blocks throughout the year.
Crop and Soil Sampling
Due to logistic difficulties of sampling the large cropland plots (19 ha), we chose to confine sampling to smaller, semi-permanent sampling areas that we felt were representative of each treatment. To do this, we located one 0.5 ha sampling area in each plot such that they would be grazed at the same time during the strip grazing progression. In this way, each sampling area across the three replications would be grazed at the same time. Because the strips were not back-fenced, cattle traveled though plots multiple times to get to water source. Our Because soil PR depends on soil moisture, we measured soil moisture gravimetrically from 6 locations in same depth increments. Soils were weighed wet then dried for 48 hr at 50°C and weighed again. We suspected there might be differences between soil PR under grazed corn residues and cool-season annuals so we sampled both parts of the C-O-P treatments separately.
Soil PR was measured in perennial pastures, but pastures were much drier than croplands in 10 2005. These differences made it difficult to make a meaningful comparison among the treatments in 2005 so data from perennial pastures will not be presented. For soil variables, 18 soil cores (2.5 cm diameter) were taken from random locations within each 0.5 ha sampling area to a depth of 15 cm. Sampling was done in each October or early November after corn harvest. Subsamples were combined and dried for at least 48 hr at 50°C. Roots > 1-mm diameter were removed, and soil finely ground for analyses. Total C and N concentrations were analyzed using a CHN analyzer (ECS 4010, Costech Analytical Technologies Inc., Valencia, CA, USA). The chloroform fumigation-incubation method was used for soil microbial C determination (Jenkinson and Powlson, 1976, Franzleubbers et al.1996) . For processing, ten (10) g of dry soil was placed in a 50 ml glass beaker. Soil moisture was brought up to ~ 50% of soil water holding capacity. Samples then were pre-incubated in the dark for 5 days at ~25C in closed mason jars with a few ml of water to maintain humidity. After pre-incubation, samples were fumigated with chloroform for 24 hr and then transferred to Mason jars. Each jar contained a 20ml scintillation vial containing 1ml of 2M NaOH to absorb the CO 2.
Jars were incubated in the dark at 25C for 10 days. After incubation NaOH was titrated with 1M
HCl, soil microbial biomass C was calculated using a k C value of 0.41 for fumigated samples 11 without subtracting an unfumigated control (Franzluebbers et al., 1999; Voroney and Paul, 1984) .
Surface CO 2 effluxes were measured using a portable CO 2 infrared gas analyzer (LiCor 6400, LiCor Inc., Lincoln, NE, USA) with a closed, static soil respiration chamber.
Measurements were taken from 3 or 4 PVC collars (10 cm diameter × 7 cm) per plot that were inserted into soil to a depth of 2 cm. Surface CO 2 effluxes were measured twice each month and if significant treatment x year interactions were found (P < 0.10), years were analyzed separately. Corn grain yields were compared between continuous corn (CC) and cropland pasture (C-O-P). We did not have an ungrazed control for oat grain yield. Total C, N, microbial biomass C and CO 2 effluxes were compared among four main treatments C-O-P, CC, CSP, WSP. For these variables in the C-O-P treatment, data was pooled from corn residue and coolseason annual plots. Linear regression was used to determine relationships between total C, N pools and time over the four year study period. CO 2 efflux data collected over each year were analyzed using a repeated measures ANOVA. Fisher's LSD test was used to evaluate treatment differences of significant main effects (P = 0.10).
RESULTS AND DISCUSSION
Climatic Conditions
The majority of data in this study 
Soil Compaction and Corn Yield
Soil compaction is a complex function of soil texture, moisture, grazing intensity, vegetation composition and climate (Twerdoff et al., 1999) . In this study, we measured soil compaction indirectly using penetration resistance (PR) and surface CO 2 effluxes. Soil compaction is best measured using both PR and bulk density, but PR should give a good indication of compaction if soil moisture is measured simultaneously. Analysis of PR showed a significant treatment x year interaction so years were analyzed separately. Preliminary data collected in 2004 suggested that pasture soils were no more compacted than cropland, which supports findings from other studies .
Soil compaction can affect surface CO 2 effluxes by reducing air-filled porosity which, in turn, may restrict oxygen diffusion and increase CO 2 accumulation (Conlin and van den Driessche, 2000; Santruckova et al., 1993) . If this situation persists, anaerobic conditions in the root zone could negatively affect crop growth (Linn and Doran, 1984) . The highest mean efflux rates were reached in late spring or early summer and were close to zero in winter for both pastures and croplands (data not shown). No differences were found among treatments in 2004, but perennial pastures showed higher respiration rates (3.6 umol CO 2 m -2 s -1 ) compared with CC and C-O-P (2.3 umol CO 2 m -2 s -1 ) in 2005 (P < 0.001). Greater fine root biomass and the larger soil organic C pool, which is a substrate for heterotrophic activity may have contributed to the higher soil respiration rates measured in pastures in 2005. Similarly, Wagai et al. (1998) reported a greater soil surface CO 2 flux in a native prairie than no-till corn plots in spring and summer in southern Wisconsin. In forest soils, Shestak and Busse (2005) found that soil compaction in a clay loam significantly reduced soil respiration as much as 51% on severely compacted soils. They suggested reduced respiration resulted from less pore space in soils and not reduced biological activity. Torbert and Wood (1992) found similar results in a laboratory study using a loamy sand soil. In our study, surface CO 2 efflux rates were similar between CC and C-O-P treatments both years suggesting that if there was soil compaction caused by cattle in 14 winter, it may not have persisted into the growing season. Spring cultivation and tillage in our study would have likely reduced any shallow compaction that developed over the winter.
Some studies suggest presence of cattle on cropland in winter can compact soils and reduce crop yield (Krenzer et al., 1989; Mullins and Burmester, 1997; Worrell et al., 1992) . Our results suggest trampling and soil disturbance from cattle presence on cropland had no negative affect on subsequent corn grain yield and may have helped increase yield over continuous corn Iowa, Clark et al. (2004) showed that winter grazing on corn residues had a minimal effect on subsequent soybean yield. This was especially true if grazing was restricted to periods when soils were frozen or if soil was disked before soybean planting. In our study, grazing often occurred when soils were not frozen. We did, however, use conventional tillage before planting, and this may have alleviated some compaction. Moreover, we would probably expect to see greater yield effects related to compaction in a dry year when crops are under stress (Sidhu and Duiker, 2006; Unger and Kaspar, 1994) . In this region, corn is especially sensitive to stress in July when pollination and grain fill occurs. Rainfall in 2004 and 2005 was above normal in July and near normal in 2006 so plants were not drought stressed during this critical period (Table 1) .
A review by Unger and Kaspar (1994) suggested that PR greater than 20 kg cm -2 in a dry soil will severely restrict root growth. Our PR measurements approached this threshold in relatively wet soils (Table 2 ) so it is possible that PR measured in this study was sufficient to restrict root growth under prolonged dry conditions.
Soil C and N pools
Grasslands generally accumulate more soil organic matter compared with annual cropland (Bronson et al., 2004; Franzluebbers et al., 2000; Studdert et al., 1997) . Microbial biomass C is an active component of organic matter, and it usually positively associated with high plant biomass production (Tracy and Frank, 1998) and dense root systems (Stone and Buttery, 1989) . Groffman et al. (1995) observed that microbial biomass C was four times greater in grazed prairie compared with annual cropland, and this difference was mainly associated with total C inputs. In our study, we found no significant treatment x year interaction for total soil C or N. Total C increased in CSP and C-O-P treatments, while total C concentrations in CC in WSP to 13.3 in C-O-P. Microbial biomass C showed more variation than total C, and we found a significant treatment x year interaction (P < 0.001). Clear treatment differences were found for microbial biomass C only in 2005 (Table 3) . Microbial biomass concentrations were highest in CSP, C-O-P treatments and lowest in CC (P < 0.001). These results suggest that CSP and C-O-P treatments may have built up a greater quantity of labile carbon relative to the other treatments by 2005. The higher annual variation in microbial biomass may reflect its sensitivity to management and environmental factors. In terms of soil compaction, it appears to have mixed effects on soil microbial biomass C with some studies showing no effect (Shestak and Busse, 2005) while others having found reductions in microbial biomass C (Jordan et al., 1999 (2004) compared soil quality parameters in an integrated livestock-cotton production system in Texas with continuous cotton. They found that soil organic carbon, microbial biomass C and N, enzyme activities and protozoa populations were higher in the integrated system suggesting that the quality of soil organic matter was higher in this system compared with continuous cotton.
Like our study, those improvements were largely the result of perennial pasture within the system. Hoof disturbance from cattle grazing on cropland appeared to have no negative effect on soil C or N pools relative to continuous corn. In fact, the size of soil C and N pools showed some of the greatest increases in C-O-P treatments over four years of this experiment. Organic matter inputs from manure, cool-season annuals and crop residues likely contributed to the increases in C pools we observed. Only CSP treatments showed greater increases in C pools, which we expected.
Conclusions
Our data indicated that cattle presence on cropland may have caused soil compaction in some years, but it had no negative effect on soil properties or corn grain yield. From a wholefarm perspective, we found significant increases in soil C pools within 5 years of conversion ---------------------------cm---------------------------- ------------------------°C---------------------------- 
